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1) In tro d uc tio n

Follow ing the proposal by the ORSAY group o f a v a r ia b le  energy, m u lt ip a r t ic le
superconducting cyc lo tron  a cce le ra tin g  protons as w e ll as heavy ion  beams, a c o lla b o ra tio n  
between French and Dutch n a t io n a l research funding, agencies has re su lted  in  the p ro je c t to 
study and b u i l t  such an acce le ra to r to be c a lle d  AGOR (A cce lerator Groningen Orsay). The 

p ro je c t w i l l  be c a rr ied  ou t by two la bo ra to r ie s  : I ' I n s t i t u t  de Physique Nucleaire d 'Orsay 
(IPN Orsay) and the K ernfysisch V erne lle r In s t i t u u t  o f  Groningen (KVI Groningen).

In  December 1985 a con trac t was signed by the two fund ing  agencies, e s ta b lis h in g  the 
opera ting  d e ta i ls  o f th is  j o in t  venture . Since th a t  moment the cons truc tio n  o f  the AGOR 
machine is  underway.

2 )Main Design C h a rac te r is t ic s

The machine is  a compact, three sec to r, three dee cyclo tron w ith  an e ffe c t iv e  K=600 and a 

Kf - £20. The f e a s ib i l i t y  o f •acce le ra ting  protons up to  200 MeV im p lie s  d if fe re n t  requirements 
fo r  p o s it io n  and geometry o f  the superconducting c o i ls ,  fo r  the f lu t t e r  po les and magnet 
s truc tu re s  as well as fo r  the RF opera ting  range as compared to  other superconducting 

cy c lo trons . F ig . l  shows the major components, the s p lit- c ry o s ta t  co n ta in in g  the two pa ire s  o f 
superconducting c o i ls ,  the yoke w a lls , the geometry o f po les and v a lle y s , the RF S tructures 

and the a x ia l in je c t io n  l in e .

F ig . l .  S im p lif ie d  cutaway view o f  the major components.



Ion energy vs. Z/A in  MeV per nucleon and boundaries o f  the opera ting  range o f  the Я,К. 
frequency (24 to 62 MHz) us ing  the harmonics h = 2 ,3 ,4  зге shown on f i g . 2.
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F ig .2 .Ion energy vs . Z/A and boundaries of the 
opera ting  RF range.

The major machine parameters are l is t e d  in  ta b le  1,

Table 1.

Bending l im i t  

Focusing L im it 
Pole diameter 
No o f  sectors

S p ira l c o e f ic ie n t 1/20 rd/cm a t  R 

1/40 rd/cm a t  R
Min h i l l  gap

Min v a lle y  gap
Main c o i l  1 current density

Main c o l l  2 curren t dens ity

C entra l f i e ld  main-max
No o f trim  c o i ls

Max current in  tr im  c o ils

Number o f  dees
RF range

Operating harmonics 

Peak dee vo ltage a t  R = 0

= 600 

=  220 

= 188cm
= 3

No s p ir a l fo r  R < 30 cm 
= 70cm 
= 88cm 
= 7cm 

= 84cm

= 4271 A/cm2 max 
= 3270 A/cm2 max 

= 17.5 - 40.5 К Gauss 

= 15 
= 500 A 
= 3 in  va lleys  

= 24 to 62 MHz 

= 2, 3, 4 
= 85kV

The cyclo tron w i l l  have T/A versus Z/A opera ting  curves as shown in  F ig .3 ,using ex terna l 
ion sources (duoplasmatron for l i g h t  ions : (p ,d , He) and ECR source fo r heavy ions w ith a 

charge to  mass r a t io  rang ing  from 0 .5  to  0 .1 ) .
An opera ting  range o f  24 to 62 MHz fo r  the acce le ra ting  frequency using the three 

harmonics modes (h=2,3 and 4) has been chosen. The regions o f  the opera tion  fo r the 2nd,3rd 

and 4th harmonics are shown in  F ig .2. The m a jo rity  o f  beams energy (10 to 72MeV /nucleon) w il l  
be acce lerated  on the 3rd harmonic, the more r e la t iv i s t ic s  ions w i l l  use the 2nd harmonic due 

to l im ita t io n s  o f  the maximum RF frequency to 62 MHz and o f  the maximum a llow ab le  v e r t ic a l 

components o f  the e le c t r ic  f ie ld  Ez in  the in f le c to r  (E z<  25 kV/cm). For the low energy part 
o f the diagram (10-6 MeV/nucleon) the harmonic mode h=4 w il l  be used, the choice being to 
l im i t  the minimum frequency to  24 MHz in  order to m in im ize  the mechanical displacem ent o f  the 

s h o r t- c irc u it  and therefore  the leng th  o f  the RF resonators . The design o f  a c e n tra l geometry 
com patib le w ith  the 3 harmonic modes has been considered to be a bas ic  feature  o f  the design 
and has been succe ss fu lly  achieved in  the study \ The change from one harmonic mode to  the 
others im p lie s  only a change o f  the in f le c to r .
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F ig .3 . Operating diagram in  the (Bo, Z/A) plane-

3 )Magnet s tru c tu re

The magnet w i l l  have a c y l in d r ic a l iro n  yoke c o n s is t in g  o f 8 c as t s te e l r in g s , and two 
emovable c y l in d r ic a l po les .

The main magnet parameters are g iven in  tab le  2.

The open space between the po les and yokes which accomodates the c ryos ta t and the 

superconducting c o i ls  has a r a d ia l  w idth o f  52 cm and a t o t a l  a x ia l he ig th  o f  200cm. A novel 

feature  o f the design is  the study o f a s p lit- c ry o s ta t5which provides ex ce llen t access to  the 

mid p lane .
Since the a t t r a c t iv e  force between the pole a t  f u l l  e x c ita t io n  is  around 1400 tons, 

deformations o f  the yoke are a n t ic ip a te d . These e ffe c ts  have been c a lc u la te d , n e g le c tin g  in  a 
f i r s t  step the various ho les , us ing  a n a ly t ic a l formulaes. The re s u lts  show th a t the yoke 
should have an a x ia l  deformation o f  le ss  than 0.2mm, by large  w ith in  e la s t ic  l im i t s .  More 

d e ta ile d  c a lc u la t io n s  are underway.
The a x ia l  ho le  provided fo r  a x ia l in je c t io n  purpose has a diameter o f  12 .4cm in  the part 

c lo se s t to the median p lane , in c reas ing  to  a diameter o f  25cm to  give more room fo r  devices 

such as buncher, d ia g no s tic s , s te e rin g  p la te s , so leno ids , e tc . . .
The f i f t e e n  tr im  c o i ls  w i l l  be s im ila r  to  those a lready  developped a t  MSU and MilancA 

Each c o i l  has i  laye r o f  5 turns o f  6x5mm2 conductor and w i l l  carry  a maximum curren t o f  500 
A. The tr im  c o i ls  w i l l  be covered by a vacuum enclosure , which separates them from the machine 
vacuum. This enclosure w i l l  a t  the same time be the RF l in e r .

4) The superconducting c o i ls  and the sp lit- c ry o s ta t

As po in ted  ou t before the superconducting c o i ls  system cons is ts  o f  a p a ir  o f  ou ter c o i ls  
generating  the desired  o v e ra ll f ie ld  p r o f i le  and a p a ir  o f  inner c o i ls  c lose  to  the mid p lane 

th a t generate a r a d ia l  f i e ld  g rad ien t depending on the ion to be acce le ra ted . The curent 
density  needed in  the two p a irs  o f  c o i ls ,  J l ,  J2 in  order to  produce an isochronous f ie ld  for 

a l l  ions and energ ies have been computed. The corresponding opera ting  diagram is  shown in  
f i g . 4 where constant Bo and Z/A lin e s  are a lso  p lo tte d .

Table .2

Pole rad ius

Yoke inne r rad ius
Yoke ou ter rad ius

Yoke f u l l  he ig th
L if t in g  range o f  the upper pole

S tee l = cas t, carbon content

Total weight

: 146cm 

: 220cm 
: 380cm 

: 2.50m
< 0.04% 

: 350T

94cm



The diagram shows th a t  J 1 and J2 are always p o s i t iv e ,a  s i tu a t io n  which s im p lif ie s  the 
analyses o f the forces and stresses ou the c o i ls .  The geometry o f the c o i l  system is  unique 
in  the sense th a t  a la rge  gap ex is ts  between the inne r and the outer c o i l  o f  0.325m. Due to 
th is  design the a x ia l  Lorentz forces between the c o i ls  are g re a tly  reduced (6 .6MN) in  

comparison w ith  o ther c o i l  systems for superconducting cyclo trons (17.0MN) a llow ing  for only 
s ix  rods support a 4 .2  К between the c o i ls  in  the m id-plane. As a consequence i t  was poss ib le  
to  design a s p lit- c ry o s ta t  in  which room-temperature access is  provided to  most o f  the middle 

plane enab ling  an easy in s t a l l  (and w ithdraw e ll) o f  e x trac tio n  elements and d iagnos tics  
probes. An o v e ra ll view o f  the c ryos ta t and c o ils  is  g iven in  f i g . 5. The t o t a l  weight o f the 
c ryos ta t + superconducting c o i l  system is  o f  about 30 tons.



In  ta b le  3 are l is t e d  the main c h a ra c te r is t ic s  o f  the superconducting c o i ls .
The superconducting c o i ls  w i l l  be f u l ly  vacuum impregnated to  reduce the r is k  o f

e le c t r ic a l  shorts between the w indings and to  enhance the mechanical s t a b i l i t y .
Thermal s t a b i l i t y  o f  the c o i ls  is  improved by l iq u id  helium in  d ir e c t  con tac t w ith  the

w inding package a t  a l l  s ides .

Table 3 .

C o il 1 Coi 12

Inner rad ius  

Outer rad ius  
W idth

Max o v e ra ll cu rren t density  

Max f ie ld  streng th  

Conductor cross sec tion  (bare)
( in s u la te d )

Cu : Sc r a t io
Superconductor NbTi, ru the rfo rd  cable 

copper subs tra te  

Nominal transpo rt current 

C r i t ic a l  cu rren t (3.64T.6K)
C r i t ic a l  temperature 

Conductor length  (per c o i l )
Conductor mass (per c o i l)

1 .06m 

1 .30m 
0.08m

42.71 MA/m 

3.64T

3.03x5.31mm2 

3 .53x5 .71mm2 
19

861 A 

1435 A 
7.5K 

7.1Km 

1200 Kg

2 .06m 
1.30m 

0.315m 

32.65 MA/m 
4.74T 

5 .5x 8 .6mm2 
6 .0x9 .0mm2 
26 

6 
2
1763 A 
2963 A 

6.5K 
11.4 Km 
5700 KG

5) Extraccion

The ex trac tio n  is  accomplished by an e le c tr o s ta t ic  d e fle c to r  (ESD), 38° long  and two 
electrom agnetic  c.,...nnels (EMC1, БМС2) pos itionned  in  two consecutive h i l l s .  A th ird  

e lectrom agnetic  channel EMC3 fo llowed by two quadrupoles 01» 02 loca ted  in s id e  the yoke are 
used to  con fine  the beam a long  the e x tra c tio n  p a th . The main parameters o f the ex trac tio n  
system elements are l i s t e d  in  ta b le  4.

T ab le .4

ELEMENT 0 TM 0 A 6B/6x
IN OUT (kV/cm) (KG) (KGauss/cm)

ESD 48° 86° 85 -
EMC1 168° 208° - 3 _
EMC2 290° 330° 3 .35

EMC3 350° 20° 1.5

Q1 1.5

02 - 1.5

6 ) Ax ia l in .je c t io n  and cen tra l reg ion geometry

The a x ia l  in je c t io n  system fo r the superconducting cyc lo tron is  designed to  operate w ith 

3 ion  sources : a l i g h t  ion source ab le  to  d e liv e r  up to  a few 100y A beams o f  H and He, an 

ECR fo r heavy ions and po la r ize d  l ig h t  ion source. The in je c t io n  l in e ,  com patib le  fo r  the 
opera tion  a t  Orsay and a t  KVI is  shown in  f i g . l .  I t  cons is ts  o f  u n it  tra n s fe r  matrix  c e l ls  

and o f  2 matching sec tions (one fo r  the d if fe re n t  ion sources, the other fo r  the cy c lo tro n ). 

Because o f  the po la r ize d  io ns , the tra n sp o rt l in e  before the 90° e le c tr o s ta t ic  sphe r ica l 
d e f le c to r  is  based on e le c t r ic a l quadrupoles. A buncher opera ting  a t  the RF o f  the cyclo tron 

and common to  the 3 harmonic modes h = 2, 3, 4 w i l l  be placed about 50cm from the median plane 

to  take in to  account various l im it in g  parameters (source no ise , a x ia l f i e ld ,e t c . )
The ce n tra l r jg io n  geometry has been designed in  con junction  w ith  a s p ir a l  in f le c to r .  A 

design study tak ing  in to  account the space a v a i la b i l i t y ,  vo ltage  l im i t in g ,  R .F . s h ie ld in g  as 
w ell as la rge  ga in  in  the f i r s t  2 e le c t r ic a l  gaps has been ca rr ied  o u t. The e le c t r ic a l 

e q u ip o te n t ia l surfaces have been measured on a 5 to  1 sca le  model a llow ing  a d e ta ile d  study 
o f  the h o r iz o n ta l and v e r t ic a l motion.

7 )R.F. System

The R .F. system cons is ts  o f  three compact half-wa^e leng th  resonators w ith  continuous and 
smooth connection to the dees.

Using the sp e c if ie d  in je c t io n  R .F . vo ltage vs frequencies (F ig .6 ) and the la s t  mechanical 

drawings a new computation o f  the. resonator has been made! We have c a re fu lly  ad jus ted  the 
shape and p o s it io n  o f  the stem to e lec trode  connection in  ordei to ob ta in  a moderate r a d ia l  
increase o f  the vo ltage w ithout a too h igh  current density  in  the s h o r t- c ir c u it , m in im iz ing  a t  
the same time the R .F . power and the leng th  o f  the stem (F ig .7).



FREQUENCY (MHz)

F ig .6 . In je c t io n  R .F . vo ltage (peak) vs. frequenciess

F ig .7. Power, cu rren t den s ity , sho rt c i r c u i t  p o s it io n  vs. frequencies.

I t  is  seen from the curves in  f i g . 7 th a t  the maximum power a t  62 MHz is  l im ite d  to  38 kW w ith
a cu rren t dens ity  around 40A/cm in  the short c i r c u i t .  The s h o r t- c irc u it  movement does not
exceed 1.65 meter from 24 to  62 MHz.

Experiments w ith  a sp e c ia lly  b u i l t  resonator have shown th a t  the s l id in g  con tac ts , which 

we have developped, w ithstand current d e n s it ie s  over 80A/cm a t 27 MHz, in  good agreement w ith 
c a lc u la t io n s  8.
From these measurements and from c a lc u la t io n s  i t  is  estim ated th a t a t  62 MHz curren t d en s it ie s  

up to  55A/cm can be accepted. This gives a s u f f ic ie n t  sa fe ty  fa c to r . Experiments a t  62 MHz are
underway and w i l l  be f in is h e d  a t  the end o f  th is  year.



CURRENT DENSITY A/c*
F ig .9 .Experimental re s u lts  and c a lc u la t io n s  fo r  s l id in g  con tac ts  a t  27 and 62 MHz •

The complet pre-mechanical s tu d ie s  are f in is h e d  and a f u ll- s c a le  model resonator w i l l  be 
b u i l t  to  determ ine p re c ise ly  the resonant frequencies and the vo ltage and current 
d is tr ib u t io n s  and a lso  to  te s t  the f in e  tun ing  and the coup ling  systems.



Furthermore the design and co n s tru c tio n  o f  various components o f  the R.K, re g u la t io n  

system, such as s ta b le  and accurate  d is c r im in a to rs  phase s h if te r s , e tc  . . .  has been s ta r te d .

P ro je c t s ta tu s

P resently  s tud ie s  on the in s t a l l a t io n  o f  the  machine a t  Orsay are underway.
The cyc lo tron  w i l l  be loca ted  in  the  b u i ld in g  where the ALICE acce le ra to r  system was 

in s t a l le d .  The d e f in i t io n  o f  an app ropr ia te  crane, the m o d if ic a tio n  o f  the b u ild in g  w a lls  and 
the cons tru c tio n  o f  the cyc lo tron  p i t  are expected to  begin in  the f i r s t  month of 1987.

Experimental te s ts  on the various elements o f  the in je c t io n  l in e  w i l l  be undertaken on a 

standard  te s t  bench and on a s im ila r  a x ia l  in je c t io n  l in e  o f  the MEDICYC c y c lo tro n 9. Bid fo r 
tenders fo r  the magnetic yoke and iro n  o f  the sec tions  w i l l  be p laced a t  the end o f  th is  year.

A h a lf- sca le  model o f  the R .F . c a v ity  w i l l  be designed and constructed  w h ile  d e ta in e d  

mechanical and thermodynamics s tud ie s  w i l l  be pursued.

A prototype o f  the e le c t r o s ta t ic  d e f le c to r  is  being b u i l t .
For the cryogenK system, experiments are conducted a t  Delpht U n ive rs ity  on the current 

leads and on the r a d ia t io n  s h ie ld .
Elements o f the co n tro l system which has a modular a rc h ite c tu re  c o n s is t in g  o f  a number o f 

microcomputers are a lready  being te s te d .
I t  i s  a n t ic ip a te d  th a t  the main components o f  the cy c lo tron  (magnet s te e l ,  R .F. 

resonators and a m p lif ie r s , superconducting c o i ls  and c ryos ta t) w i l l  be ordered during  the 

cource o f  next year.

* Work jo in t ly  supported by the INST1TUT NATIONAL DE PHYSIQUE NUCLEAIRE ET DE PHYSIQUE DES 

PARTICUi.ES (IN2P3), France and by the foundation  STICHTING VORR FUNDAMENTEEL CNDER20EK DER 
MATERIE (FOM), Netherlands.
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